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A LOW-WING MONOPLANE

By Manley J. Hood and James A. White

SUMMARY ’ .

This report is a presentation of some preliminary re--
sults of an investigation conducted in the ¥N.A.C.A, full-
scale wind tunnel to determine the besf means of reducing
the tall bpuffeting and wing-fuselage interference of a
low-wing monoplane. Data indicating the effects of an
N.A.C.A, engine cowling, fillets, auxiliary airfoils of
short span, reflexed trailing edge, propeller slipsiream,
and varlous combinations of these features are Ithuded

The results of the tests shoWwsd that the N.A.C.A.
cowling reduced the interference amd buffeting to magni—_
tudes small enough to be considgred u%obgectlonable at ™ T’
engles of attack up to within 3 or 4  of the stalil. The
fillets, either alone or in combianation with the N.A.C.A.
cowling or a reflexed frailing edge, réduced the buffeting
and interference to unobjectionable magnitudes &t anglos
of attack up to the stall. A large fillet, when used
alone, reduced the buffeting oséillations to one seventh -
their original amplitudes thus giving the greatest reduc- .
tion obtained, The best all-round resulfz were obtalzneod
by the use of fillets together with the N.A.0.A. cowling,
This combinatioh reduced the tail buffeting 0801lT Eions
to one fourth thelr original amplitudes, increased fthe
maximum 1ift 11 percent, decreased the minimum drag § per-
cent, and increased the maximum ratio of 1iff to drag 19 _
percent,

INTRODUCTION

The increasing use of low-wing monoplanea has empha-
slzed the susceptibility of this type of airplane to%%ﬂ;T'
rimental wing-fuselage interference., This interferencs
was first indicated by inferior aserodynamic characteristics
of the low-~wlng as compared to the high-wing monoplane,
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In addition to reducing the serodynamic efficiency,
this interference produces other highly objectionable con-
ditions resulting from the eddying wake from the region
of the wing~-fuselage intersection flowing over the empen-
nage. The position of the tail surfaces in this eddying
wake sometimes makes difficult the attainment of satliasfac-
tory longitudinal control and stablility. The buffeting
action of the eddying wake often causes an irregular oscil-
lation, or shaking, of the tail surfaces. Tail buffeting
may become severe enough In some cases to result in struc-
tural failure. It has been charged by one group of inves-
tigators (references 1 and 2) with having been the cause
of an accident to & low-wing monoplane which digintegrat-
ed in the air, slthough another group of investigatlors
(references 3 and 4) d#d not concur in this opinion.

A number of devices for reducing the wing-fuselage
interference have been proposed (references 5 to 9, inclu-
sive), This note presents the effects of several of them,
as determined by an ianvestigation in the N.A.C.A., full-
gscale wind tunnel,

The primary result of the wing-fuselage interference
appeared to be & premature breaking down of the alr flow
1n the reglon of the intersection of the wing wlith the
fuselage. For this reason, the devices for reducing the
interforence were designed to postpone the breaking down
of the flow 1ln this reglion fto the angle of attack at which
the entire wing stalled, The devices tested were: two
different fillets at the wing-fuselage intersection; a re-
flexed tralling edge on the wing neer the fuselage, both
alone and in combination with a flllet; short-span auxil-
iary airfolls in three different positions; and an N.A.C.A.
engine cowling, alone and in combination with each of thse
other devices except the auxiliary airfoils.

The value of these devices in reducing the interfer-
ence was studied in several different ways: Visuel ob-
gservations of the air flow in the region of the wing-
fuselage intersections were made with strings; the veloc-
1ty and direction of the air flow in the region of the em~
Pennage Were measured; the 1ift and drag characteristics
were determined for all the conditions investigated; lon-
gltudinal control and stabillity were investigated by meas-
uring the pitching moments with various elevator settings
and with the empennage removed; and the amplitude and fre-
guency of the vertical movements of the stabilizer tip
were mesasured, The ghbove characteristics were measured
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both with and without the slipstream from the airplane's
propeller.

This .is a preliminary report and covers only the ob-
servations of the air flow in the region of the wing~
fuselage intersection, the lift and drag cnaracteristics,
and the tail vibrations, The complete results will be
presented in a later report,

APPARATUS

Wind tunnel.~ The tests discussed in this report wers
made in fthe W.AC.As full-scale wind tunnel dsscribed in
reference 10,

Aiqglane.~ The McDomnnsell airplane, a lOW—w1ng type,
which was originally bduilt for entry in the Daniel Guggen—
heim Safe Aircraft Compsestition in 1929, was used for the
tests described in thlses report. It was chosen for these
tests because it had been reported by pilots to be sudject
to tail buffeting., PFlight tests of the Mclonmell alrplane
are described in reference 11, Tue airplane, equipped
with the large fillet and mounted on the balance in the
full-scale wind tunnel, is shown in figure 1. A 3-view’
drawing, giving its principal dimensions, is shown on fig-
ure 2+ The &irplans was equipped with a Jarner "Scarabd!
engine having a rating of 110 horsepdwer at 1,850 rePeme
The leading-edge slots and trailing-—edge flaps with walch
the airplane was oquipped were not used in thie sories of
tests. The flaps were locked in the neufral position and
the slots were preovented from oponing by covering the
_slats and forward part of the wings with doped fabric,
After preliminary tests had been msde, a walkway that
raised the top surface of the rigat wing five eighths of
an inch above the normal profile from 15 to 69 percent of
the chord and from the fuselage %o 10 inches dutboard was
removed, and the gaps (fig. 3) between the_ wings and fu-
selage were covered, The stabilizer was set at an inci-
dence of 0.,6% with respect to the thrust axis for all the
'bssts.

N,A,C.A. engine cowling.- The N,A,C.A, engine cowling
consisted of a hood that was placed over the engine and
nose of the alrplane without altering the original fuse-
lage lines, The hood was desiguned in accordance with the
information in reference 12 except that 1t consisted of
only one thickness of metal, and consequently its cross
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section did not resemble an airfoil profile, Figure 4
shows the nose of the airplane in the original condition
and with the hood in place,

Fillets.~ The wing-fuselage fillets (figs. 5 to 8,
inclusive) were designed to reduces the rabte at which 1%
was necessary for the air in this region to diverge in
order to follow the surfaces. The radius was small at
the leading eige and a short distance back started incroas-
ing smoothly to a maximum at the trailing edge, behind
which the fillet was faired into the fuselage, The prin-
cipal difference between the two fillets was thelr size;
hence, they will be referred to as the small fillet (figs,
5 and 7) and the large fillet (figs, 6 and 8). Another
difference was that the small fillet had a constant radius
from the leading edge back to 41 bpercent of the chord,
whereas the radius of the large fillet began to increase

at 6.6 percent of the chord behind the leading edgo.

Roflexed trailing edge.- The modification of the wing
roat, herein called a reflexed trailing edge (fig. 9), was
designed to decrease the incidence at the wing root. The
lower surface of the wing, which had an upward curvature
WeAoC.A,-M5 profile), was extended to the rear end a new
upper surface was formed by stralght elements from the new
trailing edge to the points of tangency with the upper
surface of the original wing, The fillet that was tested
in combination with this reflexed trailing edge (fig,., 10)
was similar to the large one Previously described.,

Auxiliary airfoils.~ The auxiliary airfoile used in
these tests were of the K.A.C.A 22 profile, had a 10-inch
chord (14.7 percent of the main wing chord), and extended
30 inches from the fuselage on each side, They were first
located in & position similar to that found %o be the op-
timum in the investigation reported in reference 13, with
the trailing edge 15 percent of the main wing chord ahead
of and 8,2 percent above the leading edge of the main wing,
and the chord parallel to the main winz chord, In the
second position the tralling edge of the auxiliary was
645 percent directly above the leading edge of the main
wing, and the incidence of the auxiliary was -30° with ro-
spect to the chord of the main winge. In the third posi-
tion the trailing edge was 5,2 percent behind and 7.5 per-
cent above the leading edge of the main wing, and the in-
cidence was -25,5°,
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HETHODS

Lift and drag measuremnents.-~ The powver-off 1ift and
drag characteristics were determined witia the propeller
removed, The power-on caaracteristics were determined
with the propeller running at such a speed that its thrust
just belanced ths drag of the airplane (making due allow-
ance for jet-boundary effect), in order to simulate stesady
flight conditions, These characteristlcs were all meas-
ured at an air speed of between 55 and 60 miles per hour,
except that at the higher angles of attack the speed was
reduced during the power-on tests in order to make the
drag of the airplane low enougk to be balanced by the pro-
peller thrust,

Investigation of alr fiow.~ The flow of air in the
region of the wing-~fuselage intersection was studied by
making visual observations of its effect on 1light strings
held at various points in this region by observers in the
cockpitse -

Records of teil buffeting.- The vertical movements of
the tip of the stabilizer were rescorded om a moving f£ilm
by an N.A.C.A, control-position recorder (reference 14)
modified to give & l-inch deflection of the image on the
film for a l.65-inch vertical movement of the stabilizer
tip and from these records the amplitude and Irequency
were determined, The instrument was mountsed on & solid
base in the balance room and connected to the right sta-
bilizer tip with an 0,008-inchn~diamster plano wire that,
except for about 2 inches at the top, was shielded from
the air stream by a tube. The natural vibration frequency
of the instrument and plano wire was about.34 vibrations
per second., As this is four times the frequency of the
fastest stabilizer oscillations recorded, 1t insures that
the instrument was capabls oi_saccurately following the
movements of the stabilizer, Play and friction In the
linkage of the instrument resulted in small errors in the
indicated amplitudes of stabilizer oscillations which
probebly did not éXceéd one eighth inch. During most of ’
these tests the tail of the airplane was supported by a
rigid "A" frame fastened to the taillpost. In order %o de~
termine the effect of this rigid support ;ecorde were made
of the movements of the stabilizer tip and the rear end of
the fuselage while the tail of the airplane was free from
external support, and the airplana was prevénted from-
turning about the main supports at the landing-wheel. axles
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only by cables secured to the forward part of tho fuselago.
Host of the measurements of stabllizer-tip moveomeonts were
made at an air spoed of about 58 miles per hour dbut a few
were made at different air speeds between 35 and 80 miles
per hour to determine the effect of alr speed on the buf-
feting,.

RESULTS

Lift and drag characteristics.-~ The power-off 1lift
and drag characteristics are presented us polars and 1ift
and drag curves in four groups. The first group (figs.

11 and 12) shows a comparison of the resulis obtained with
the various fillets, both alone and with the H.A.C.4&, en-
gine cowling. The second group (figs. 13 and 14) shows
curves for the alrplane with the reflexed trailing edge
alone and in combinations with engine cowling and ffllet,
The third group (figs. 15 and 16) shows the effects of the
auxiliary airfoils in different pasitions., The fourth
group (figs, 17 and 18) is a summary of the firgt three
groups. Curves showing theoretical induced drag, comput-
ed on the basis of the geometrical aspsct ratio (6.23) of
the wing, and the 1lift and drag characteristics for tne
airplane in the original condition are shown with sach
group. Three representative polars are shown wlith their
experimental points (figs. 19 to 21, inclusive).

The power-on 1ift characteristics are shown plotted
against angle of attack for the airplane in the original
condition (fig. 22), and when eguipped with the large fil-
let and N.A,C.A. engine cowling (fig. 23)., These charac-—
teristics for all other conditions tested were practically
identical to those shown in figure 283, The curves show
values of 1ift coefficient with the engine developlng =
thrust equal to the drag, which 1s the same condition as
in steady flight. A4s it was not practlcable to hold the
engine speed so as te give exgactly zero drag, three read«
ings were taken at each angle af attack at aﬁproximately
the proper enging speed, and the lift at zero net drag .
determined by plotting these threes readings against net
drag, No means were available for determining the thrust
of the propeller; soc it was not »ossible to determine ex-
actly either the effect of the glipstream on the drag
charscteristics of the airplane or the part of the total
1ift that was due to tho vertical component of the pro-
poller thrust., An approximate correction, however, for
this vertical component of thrust was applied in order to
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make the difference betwsen the power-off and power-on
1ift curves more nesarly represent the effect of the slip-~
stream; and the 1if%t curves are shown both with and with-
out this correctlion. These approximate corrections were
arrived at by computing, for each angle of afttack, the
vertical component of a thrust large enough to overcome
the drag of the airplanse without the slipstream,

All the results have been corrected for wind-%tunnel
effects to make them compaerable to actual flight, All co-
efficients were based on the original wing area of 196,56
square fest,

Air flow.~ The action of the stringse that were used
to study the alr flow in the region of the wing-fuselage
intersection indicated that, eXcept when the alrplane was
equipped with some of the most effective devices, the
breaking down of the air flow over the upper surface of
the wing originated near its interssction with the fuse-
lage and spread laterally as the angle of attack was in-
creased, With the airplane in the original condition the
turbulent flow extgnded approximately 3 feet outboard from
the fuselage at 14 angle of attack, The opproXimate an-
gles of attack at which the air flow over the rocot of the
wing first broke down when the airplane was equipped with
the various devices were as follows:

Original condition 5°
N.A.C.A. engine cowling _ 14° o
Small fillet 12° -
Large fillet ’ 15°
Small fillet and N.A.C.A. o R
engine cowling . _;?°'£g§ ﬁﬁﬁy?lth -
Large fillet and N.A.C.A.
engine cowling - _ 17? (at stall) .
Reflexed trailing edge 70 _z_jh_i

Reflexed trailing edge and S e
¥.A4.C.A. ongine cowling 16° (at stall)
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Reflexed trailing edge and -
fillet Above stall

Reflexed trailing edge, fil-
let, and W.A.C.A. engine
cowling Above stall

Auxiliary airfoil in first
position 70

Auxiliary airfoil in sscond
position 70

Auxiliary airfoil in third
position 10°

In cases when auxiliary airfoils were used, vortices
trailing from their tips were evident, When the H.A.C.A,
cowling was ussed, particularly when in combinatlion with
any of the flllets and both with and without the slipstream,
the action of the strings indicated the presence of vorti-
ces which were approximately concentric with the fillets
and trailed %o the rear. The wvortex on the right slde
turned counterclockwise and the one on the left clockwlse
ag viewsed from the rear.

Tall buffeting.- Typical records of stablliizer-~tip
movements are shown on filgure 24,

Maximum amplitude of the movements of the stabilizer
tip under various conditions is shown plotted against an-
gle of attack ln degrees above and below the angle of max-
imum 1ift (fig. 25), Amplitude in this figure represenis
the total deflection of the tip from the maximum positive
to the maximum adjacent negative position, and is expressed
in inches of movement in the direction normal to ths sta-
bilizer, The amplitude of stabllizer—~tip movements with
the propeller operating is not included in figure 25 be-~
cause it 41d not vary consistently enough to permit draw-
ing curves, &1l the maximum deflections measured with
power on fell between 0,1 and 0,4 inch for angles of at-
tack below the stall, The figure applies only to ampli-
tudes measured when the rear end of the fugelage was ex-
ternally supported, When it was freoe from external sup~-
port the amplitude of stabilizeor~tip movement waese nearly
doubled, but corresponding movewents of the rear. end of
the fuselage were only about one fifth as great as those
of the stabilizer tip. Figure 26 shows the variation in
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amplitude with changes of air speed betWeen 55 and 60
miles per hour,

The natural vidbration frequencies of the stabllizer
were as follows:

With rear end of fuselage _ _
rigidly supportsd 743 vibrations per second

With rear end of fuselage
free from external sup- _ o
port 8.5 vibrations per second

The predominant freguencles when buffeting were approxi-
mately the same as the natural frequencles.

Tha stiffness of the stabilizer and fuselage was such
that, when the rear end of tho fuselage wad externally
supported the stabilizer tip was deflected 1 inch by a
force of 60 pounds concentrated at the tip.

DISCUSSION

Lift_2nd drag characteristics.- The shape of the polar
for the airplane in the original condition (Fig. 19), com-
parcd with the theoretical induced drag polars based on
the geometrical aspect ratio of the entire wing (6.2) and
that of the part on one side of the fuselage (2.9), and
also the slope of the 1ift curve (fig. 12), indicate that
the abnormal inecreasc in drag and rediuction in 1ift at the
higher angles of attack was largely dus to the fact that
the 1ift normally gliven by the roots of the wings and the
span across the fuselage had been destroyod by the break-
down of the flow near the w1ng—fuselﬁge intersection so
that the part of the wing outbhoard of the disturbed rogilon
on each side of the fusslage was acting indepondenﬁly as
a separate wing of lower aspoct ratio,. T

The ¥.A.C.A. engine cowling, either fillet, or the
combined reflexed trailing edge and filletd ellminated most
of the adverse interference, as is indicated dy the =~ ~
straightness of the 1ift curves and parallelism of the po-
lars to the induced drag polar (figs, 11, 12, 17, and 18),
&ll these devices increased the asngle of attack at whieh
the flow over the wing roots became unsteble to.within 3°
or 4° of the sngle of attack of maximum 1ift, and the com-
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bined reflexed trailing edge and fillet postponed the break-
down to well beyond the angle st which the maln part of the
wing stalled., The minimum drag coceiflcient was slightly
increased by the combined roflexed trailing odge and fil-
let, not affected by tho small fillet, and resduced fron
0.,0837 to 00,0628 by the large fillot and to 00,0590 by the
N,A.CeA, ongine cowling,

The magnitude of the imorovement obtained Dby the use
of tho cowling alono indicatod that, as might bo expected,
conditions which disturbd the air flow ahead of the reglon
of the wlng-Ifuselago intorsection may have important of-
fects on tho degreoe of interference,

It was found that when fillets were used alone the
large one was slightly superior (figs. 11 and 12), Then
they were used in combinstion with the W.A.C.4A., cowling,
however, the small fillet gave results (not shown in this
report) almost identical with those obtained with the
large fillet and cowling, i ;

An unstavle flow ian the region of maximum 1ift when
the alrpleane was equipped with either the N.A,C.A. cowling
or the fillet was evidenced by the double 1lift curves and
polars (figs. 17, 18, and 20), The usc of the cowling and
fillet in combination eliminated this unstablo condition
(fig. 21)s The combinaiion reduced the minimum drag by an
amount practically equal to the sum of the reductions glven
by the two devices when used alonse.

The reflexed trailing edge, when used alone, had a
negligible effect on the 1ift and drag characteristics,

The auxiliary alrfoils gave their begt results when
in the third position, but even then the improvement over
the original condition was only about one half that ob-
tained -with the fillets or cowling. It is probable, how-
ever, that the optimum position was not JSound, because
only three were tested.

The eoffect of the slipstream was sufficient to pre-
vent & premature breakdown of the flow near the wing-
fuselage intersection in a2ll except the original condi-
tion, and in this conditlon it postponed the breakdown
from about 5° to 12° angle ol attack, It is not practica-
ble, however, to depend on the slipstream for maintaining
the smooth flow, especially during landing.
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Preliminary tests showed that the presence of the
ralsed walkway had no appreciable effect on the character-
istics of the alrplane when equipped with the small fillet
and that when the alrplane was not egquipped with any of
the special devices removing the walkway and covering the
gaps between the wing and fuselage had a negligible effect.

The maximum 1ift coefflcient of the alrplane in its
original condition, as determined by these tests, was con-
siderably higher than the highest 1ift coefficient (with
slots closed and flaps neutral) measured in flight. This
apparent discrepancy was due to the fact that the alrplane
did not have sufficient longitudinal control to permit
flying at angles of attack above 16° (See reference 1l. )

The best 1ift and drag characteristics were obtained
when flllete and W.A.C.A., cowling were used together. The
use of this combination eliminated most of the wing-fuse-~
lage interference, increased the maximum 1ift 11 percent
above its original velue, decreased the minimum drag 9
percent, and increased the maximum ratio of 1ift to drag
19 percent.

Air flow.-~ The observations made of the air flow with
strings agreed well with the 1lift &urves and polars in
showing the angles of attack at which the air flow first
broke down over the wing roots, and indicating the rela-
tive effectivensss of the different devices in reducing
the wing-fuselage interference.

Tall buffeting.~ The effectiveness of the various de-
vices in reducing tall buffeting is best visualized by
reference to figure 25, The buffeting oscillations wére
reduced to amplitudes small enough to be considered unob-
Jectionable throughout the range of normal flight atti-
tudes by the use of the fillets, either alone or in any
combination with the W.A,C.A, engine cowling or reflexed
trailing edge. The use of the large fillet aloneé reduced
the oscillations to one seventh their original amplitudes
and the use of the same fillet with the N.A.C.A. cowling,
the combination which gave the best 1ift and drag charac-~
teristics, reduced the oscillations to one fourth their
original amplitudes.

In geoeneral, the devices which gave the greatest im-
provement in 1ift and drag characteristics also gave the
greatest reduction in tall buffeting. The N.A.C.A. cowl-
ing was an excoption to this rule. ¥When it was used ei-
ther alone or in combination with other devlices, the ampli-
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tudes of the buffeting oscillations were slightly greater
than would be expected from the improvement in 1ift and

drag.

The slipstream was shown to be practically as effec~-
tive as the fillets in reducing buffeting with the air-
plane in the original conditiorn, but had only & small ef-
fect when the airplane was equlpped with fillets or cowl-
ing,.

In all cases the stabilizer vibrated at a predominant
frequency that was practically the same as the natural
frequency of the surface and the amplitude varied irregu-
larly in a manner similar to that shown on the typical
records (fig. 24).

The vibrations of the stabilizer obtained under the
conditions of these tests do not necessarily correspond
exactly to those that would be obtained in flight, because
of the way in which the alrplane was supported, but they
do afford good comparisons between the degrees of buffet-
ing existing under the various conditions tested, The _
special tests made with the rear end of the fusslage free
from external support indicate that the amplitude of sta-
bilizer vibrations which would exist in flight would be
considerably greater than those shown on figure 25. The
fregquency is apparently dependent upoan the natural fre-
quency of the tail structure.

The severity of buffeting was shown to increase rap-~
idly with increase in alr spesd between 35 and 60 miles
per hour (fig. 26). It cannot bs assumed, however, that
this increase would continue at velocities above those in-
vestigated, because the relations may be affected by res-
onance between the natural freguency of the tail and the
" frequency of the buffeting eddies. An investigation of
the frequencies of eddles tralling from the wWing roots of
different alrplanes would yield information which would
be very useful in tail surface design,

CONCLUSIONS

1, TFillets reduced the wing-fuselagse interference
and tall buffeting to unobjectionable magnitudes through-
out the range of normal fllght attitudes.-

2. N.A.C.A. engine cowling reduced the wing-fuselage
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interference and tail buffeting to unobjectionable magni-
tudes at angles of attack up to within 3° of the stall.

3. The reflexed trailing edge slightly increased
the amplitude of tail oscillations due to buffeting.

4, The auxiliary airfoils, in the positions tested,
reduced the interference and buffeting but were consider-
ably 1nferlor to the fillets.

5. Buffeting was least when the large fillet was
used alone. This fillet reduced the amplitude of stabi=x
lizer-tip osclllations at an angle of attack 2° below tus
stall from the 1,37 inches obtained with the airplane in
the original condition to 0.18 inch,

6. The combination of fillets and N.A.C.A. engine
cowling gave the best all-round results. This combination
reduced the total amplitude of stabilizer-tip oscillations
at an angle of attack 2° below maximum 1ift from the orig-
inal 1.37 inches to 0,32 inch, increased the maximum 1ift
11 percent, decreased the minimum drag 9 percent, and in-
creased the maximum 1ift/drag ratio 19 percent.

Langley Memorial Aeronautical Laboratory, _
Natlional Advisory Committee for Aeronautics,
Langley Field, Va., April 18, 1933, T T
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Flgure 4, - Nose of McDonnell
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Figure 5.e Smell fillet on McDonnell airplane
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Figare 10.= Reflexed trailing edge with fillet on McDonnell airplane
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